The molecular mechanisms controlling heart function and rhythmicity are incompletely understood. While it is widely accepted that the type 2 ryanodine receptor (Ryr2) is the major Ca 2+ release channel in excitation-contraction coupling, the role of these channels in setting a consistent beating rate remains controversial. Gain-of-function RYR2 mutations in humans and genetically engineered mouse models are known to cause Ca 2+ leak, arrhythmias, and sudden cardiac death. Embryonic stem-cell derived cardiomyocytes lacking Ryr2 display slower beating rates, but no supporting in vivo evidence has been presented. The aim of the present study was to test the hypothesis that RYR2 loss-of-function would reduce heart rate and rhythmicity in vivo.
Introduction
Heart failure is associated with arrhythmias and ends in sudden cardiac death for many patients. The molecular mechanisms linking these pathologies remain to be elucidated fully. One candidate is the type 2 ryanodine receptor (RYR2), a large Ca 2+ channel in the sarcoplasmic reticulum (SR) membrane. Mutations in the human RYR2 gene cause catecholaminergic polymorphic ventricular tachycardia type 1 (CPVT1) and arrhythmogenic right ventricular dysplasia (ARVD) type 2, rare sudden cardiac death syndromes often manifesting abnormal heart rate. 1 -3 Mutations leading to overactive Ca 2+ channels and protracted calcium transients have been implicated in most cases. 3 -9 Gain-of-function 'knock-in' mouse models 4,10 -13 confirm non-redundant roles for the RYR2 channel in arrhythmias and sudden cardiac death. 6, 14, 15 While these studies suggest that leaky RYR2 channels underlie many arrhythmias, it is controversial whether or not RYR2 mutations alter heart rate. For example, Ryr2 R4496C mutant mice develop CPVT1-like pathology without a change in basal heart rate. 15 However, mice with point mutations do not permit analyses of other parts of the Ryr2 protein or generalized loss-of-function.
Recently loss-of-function mutations have been described that are associated with decreased RYR2 open probabilities. 16, 17 Ryr2 was directly implicated in myocyte beating rate using in vitro differentiated mouse embryonic stem cells, 18 but the in vivo relevance of these experiments has remained unclear in the absence of inducible Ryr2 knockout mice. The exact mechanisms which set and maintain heart rate remain controversial. 15 One prevalent hypothesis states that heart rate is dictated exclusively by inwardly rectifying channels of the HCN family found in pacemaker cells. 19 A complementary hypothesis suggests that the electrical events underlying heart rate are governed by two 'interlocking ionic clocks'. 20 In this model, heart rate is dependent on an ensemble of interacting ion channels that can be split into two groups, channels of the plasma membrane and channels of the ER/SR, each with their own periods of function and refraction. 20 In this latter model, RYR2 is predicted to be a key regulator of heart rate and rhythmicity in vivo. 18, 21, 22 While vigorous debate remains, 15 there is wide agreement that an in vivo loss-of-function genetic approach is required to test this hypothesis. Several studies have shown that the levels and/or activity of RYR2 are reduced by up to 50% in disease states such as heart failure and diabetes. 23 -26 Evidence has also been presented that RYR2 levels diminish with normal ageing. 27, 28 Pathological changes in the expression and/or function of RYR2 channels are usually considered to be downstream of other events in heart disease. Nevertheless, unbiased genome-wide association studies show that RYR2 polymorphisms increase susceptibility to hypertension, 29 meaning that variation in RYR2 expression/function may represent an underlying causal factor in heart disease. Unfortunately, little is known about the in vivo effects of RYR2 loss-of-function. Recently, mice with lifelong Ryr2 haploinsufficiency were found to be resistant to pressure-overload induced cardiac hypertrophy, but also exhibited altered calcium handling, increased cardiomyocyte cell death, and decreased contractility. 30 Unfortunately, that study of Ryr2 +/2 mice did not directly examine heart rate or rhythmicity. The lifelong Ryr2 reduction also carries the caveat of possible compensation by other SR calcium channels.
In the present study, we tested whether RYR2 has an in vivo role in regulating heart rate and rhythmicity, while confirming the expected role in function. We used inducible, tissue-specific Ryr2 knockout (cRyr2KO) mice, which allowed us to reduce RYR2 in cardiac tissue in vivo in adult animals in a manner that was not associated with compensation from other Ca 2+ channels. Our results suggest that RYR2 plays a non-redundant role in the control of heart rate and provide in vivo evidence that RYR2 loss-of-function can lead to arrhythmia.
Methods

Experimental animals
Mice bearing the Ryr2 floxed allele were generated using R1 embryonic stem cells (129SvJ × 129Sv) containing an Ryr2 floxed allele, 18 injected into C57BL/6 blastocysts and transferred to pseudopregnant females at the NIA transgenic facility. Agouti mice were identified and genotyping confirmed transmission of the floxed allele to offspring, which were backcrossed over 10 generations to the C57BL/6 background. Tamoxifen-inducible, cardiomycyte-specific Ryr2 knockout mice were generated by crossing the mice harbouring conditional Ryr2 alleles (C57Bl6 Ryr2 flox/flox mice) with mice expressing inducible Cre-recombinase under the control of the a-MHC promoter (C57Bl6-mhy6-mer-Cre-mer mice). 31 Tamoxifen was injected into the intraperitoneal cavity of 8 - 
In vivo and ex vivo analysis of cardiac function
Cardiac function was examined by echocardiography utilizing a Vevo 770 high-resolution image system (Viewsonics). 1 Images were obtained through the anterior and posterior left ventricular walls at the papillary muscle level. Left ventricular mass and systolic function, left ventricular end-systolic and end-diastolic dimensions, interventricular septum thickness and posterior wall were measured from M-mode traces. Shortening and ejection fraction were calculated as described. 1 We assessed heart rate before and after tamoxifen injection. Mice assessed by echocardiography were anaesthetized with isoflurane at the minimum gas concentration (1-2% isoflurane delivered in 1.5 L/min O 2 ) necessary to maintain light anaesthesia (rodent remained immobile and unconscious). Heart function was further measured using the working heart model. 32 These mice were euthanized by having their hearts excised under a dose of inhaled isoflurane (5% isoflurane delivered in 3 L/min O 2 ) sufficient to maintain deep anaesthesia (assessed by toe-pinch method and breathing pattern). In vivo ECG was assessed utilizing ETA-F10 implantable telemetry devices according to the manufacturer's instructions (Data Sciences International). Inhaled isoflurane was used as an anaesthetic (1-5% isoflurane delivered in 1 L/min O 2 , assessed by toe-pinch method) during implantation surgery and injected analgesic, Buprenorphine (0.1 mg/kg), was administered daily as necessary. Heart rate and rhythmicity were analyzed following recovery from surgery and after the discontinuation of all analgesics.
Gene and protein expression analysis
Tissues used for RNA and protein analysis were isolated from mice euthanized with CO 2 and cervical dislocation, and were rapidly extracted and snap frozen in liquid nitrogen. RNA was isolated from heart tissue using Trizol, followed by cleanup (RNeasy; Qiagen). After reverse transcription (SuperScript III; Invitrogen), TaqMan quantitative RT -PCR was conducted using probes from Applied Biosystems and PerfeCTa qPCR SuperMix (Quanta) on a StepOnePlus qPCR thermocycler (Applied Biosystems). SYBR Green quantitative RT -PCR was conducted using PerfeCTa SYBR Green qPCR SuperMix (Quanta). Relative gene expression changes were analyzed by the 2 2DCt method. Hypoxanthine-guanine phosphoribosyltransferase and cyclophilin were used as internal controls, after ensuring that they were not altered in cRyr2KO cardiomyocytes. Immunoblots were performed on lysates from mechanically disrupted heart, homogenized and sonicated in ice-cold lysis buffer. A total of 100 mg of protein, boiled with loading dye, was used in gel electrophoresis. Proteins over 120 kDa were transferred to polyvinylidene difluoride membranes using overnight wet transfer and subsequently treated with horseradish peroxidase-conjugated antibodies (Cell Signalling). Bands were visualized using an enhanced chemiluminescence and quantified by densitometry. Anti-HSP90 (Cell Signaling) and anti-EEA1 (Abcam) were used as loading controls for high kiloDalton immunoblots. Rabbit polyclonal anti-RYR2 antibodies were provided by Dr Anthony Lai.
Results
Acute reductions in Ryr2 mRNA and protein in conditional knockout mice
To create a tissue-specific, inducible model of Ryr2 gene loss-of-function, mice bearing Ryr2 flox alleles were crossed with cardiomyocyte-specific, tamoxifen-activated Cre mice (myosin II heavy chain-a promoter) resulting in Ryr2 flox/flox :Mer-Cre-Mer mice (cRyr2KO; Figure 1A ). Prior to induction, Ryr2 expression was completely normal. However, when treated with the Mer-Cre-Mer agonist tamoxifen, genetic recombination occurred causing Ryr2 gene deletion in adult cardiomyocytes ( Figure 1A ). Tamoxifen injection for three consecutive days resulted in .90% decrease in Ryr2 mRNA, quantified by Taqman RT-qPCR in whole heart, 4 or 10 days after the first tamoxifen dose ( Figure 1B) . These data suggest a virtually complete knockout of the Ryr2 in cardiomyocytes, probably in most regions of these hearts including sinoatrial nodes. 19 Four days after the initiation of tamoxifen, RYR2 protein was decreased 50% ( Figure 1B ). RYR2 protein levels in whole heart declined to 25% of control values after 10 days ( Figure 1B ). These observations were further confirmed using immunofluorescence staining, where dramatic changes in the abundance, and the orientation of RYR2 clusters along axial tubules, were evident ( Figure 1C ). Ryr2 gene knockout was tissue specific ( Figure 2A ) and we did not observe compensatory increases in other ER calcium release channels ( Figure 2B ), validating our use of an inducible loss-of-function model to study the role of Ryr2 reduction in heart rate, arrhythmia, and failure. 
Sudden cardiac death in cRyr2KO mice
Following induction of Ryr2 gene deletion, all cRyr2KO mice developed cardiomyopathy. Four days after the first tamoxifen injection, virtually all cRyr2KO mice were lethargic, but their tamoxifen-injected littermate controls were not. After this timepoint, some cRyr2KO mice rapidly reached their humane endpoint while others showed a dramatic improvement in health that could last as long as 48 days before eventually reaching their humane endpoint. Interestingly, the final stage had many features of sudden cardiac death. cRyr2KO mice reaching an early humane endpoint showed profound atrial clotting, suggesting the possibility of atrial fibrillation.
Heart function in cRyr2KO mice
To assess cardiac function, we performed M-mode echocardiography on cRyr2KO mice and littermate controls ( Figure 3A and B, Table 1 ). In these experiments, tamoxifen-injected and non-injected Ryr2 flox/flox control mice were similar and therefore pooled. The absence of differences in tamoxifen-injected control mice indicated that tamoxifen exposure played no significant role in the profound cardiac phenotype. Acute Ryr2 deletion resulted in a dramatic and rapid .50% decline in cardiac output after just four days ( Figure 3C -E). Interestingly, the contractile parameters of cRyr2KO hearts did not appear to decline further over 10 days ( Figure 3C-E) , and in some tests trended towards normal as part of a compensatory process. To assess cardiac function further in cRyr2KO hearts, we utilized the isolated working heart model ( Figure 4A-D) . In these experiments, we observed similar decreases in cardiac output, rate pressure product, and hydraulic work, demonstrating that these defects were intrinsic to the heart. Thus, Ryr2 is required for normal cardiac function, but there appears to be compensatory mechanisms that transiently ameliorate the detrimental effects of Ryr2 deletion.
Loss of Ryr2 reduces heart rate and results in severe arrhythmias
Echocardiography and four-lead ECG were used to assess heart rate in cRyr2KO animals. At times when RYR2 protein levels were 50% reduced, cRyr2KO mice exhibited a significantly lower rate of heart contraction by echocardiography relative to tamoxifen injected and non-injected littermate controls ( Figure 5A) . We also observed a concurrent decrease in heart rate, as defined by ECG, suggesting that this drop in heart rate is linked to a decrease in pacemaking at the organ level ( Figure 5C ). In addition, we observed altered ECG wave patterns in cRyr2KO mice indicating that this decrease in heart rate is genuine sinus bradycardia ( Figure 5B ). We also observed instances of mice exhibiting a secondary atrioventricular block. This indicates that RYR2 ablation is sufficient to decrease heart rate at both contractile and signalling levels. cRyr2KO mice were also assessed with the working heart perfusion model to further characterize the link between heart function and heart rate. We consistently observed bradycardia in cRyr2KO hearts having 50% decrease in RYR2 when compared with tamoxifentreated controls ( Figure 5D) . A similar decrease in heart rate was observed in all cRyr2KO hearts regardless of their relative cardiomyopathy; hearts in failure showed similar rate decreases to cRyr2KO hearts with relatively normal cardiac function. We observed striking episodes or tachycardic arrhythmia in isolated, working cRyr2KO hearts ( Figure 5E ). These repetitive arrhythmias were observed in the majority of cRyr2KO hearts throughout the perfusion, although they were more frequently observed early in the perfusion following the stress of isolation and cannulation. Arrhythmias were never observed in tamoxifen-treated control hearts. These working heart experiments suggest that Ryr2 deletion causes an organ-autonomous decrease in heart rate punctuated by brief periods of tachycardic arrhythmia, effects that are independent from systemic factors or neuroregulatory factors in the body.
To account for the narrow time frame and to address caveats of echocardiography and working heart perfusion approaches, we studied in vivo heart rate and function in cRyr2KO mice using implantable ECG radio telemetry. Miniaturized two-lead ECG monitors were subcutaneously implanted permitting us to track animal heart rate and activity before and after the induction of gene deletion in cRyr2KO mice. This allowed us to monitor both ECG patterns and heart rate at a very high time resolution in freely moving, unanaesthetized animals continuously for extended periods of time. Indeed, we observed a 20% decrease in average daily heart rate following the induction of cardiac Ryr2 gene deletion when compared with the average daily heart rate of naive animals ( Figure 6A ). This decrease in heart rate was not accompanied by any detectable change in average daily activity and was not observed acutely following tamoxifen treatment, suggesting the decrease in heart rate was caused by RYR2 ablation due to gene deletion. During this experiment we also observed periods of repetitive tachycardic arrhythmias at times near humane endpoints ( Figure 6B and C ) . We observed these Cardiac ryanodine receptors control heart rate and rhythmicity in adult mice Working mouse hearts from the same timepoint as Echo #2 (Control n ¼ 5, cRyr2KO n ¼ 9; *P ≤ 0.05).
arrhythmias following cage changes, a classic stressor of mice, well before humane endpoints and when mice looked healthy by visual inspection. ECG traces showed distinct T-waves and other abnormalities using two ECG leads placed on the left pectoral and right ribs, which is state-of-the-art for in vivo mouse telemetry. This study shows that in vivo Ryr2 deletion is sufficient to cause decreased heart rate and episodes of tachycardic arrhythmias in mice.
Discussion
In this study, we used inducible, tissue-specific gene ablation to examine the in vivo functions of Ryr2 in the adult heart. Inducible Ryr2 deletion circumvented chronic gene compensation and the embryonic lethality of the global Ryr2 knockout mice. This is the first reported tissue-specific deletion of any RYR isoform in any tissue. 
05). (B)
Four-lead ECG of control and cRyr2KO mice taken during echocardiogram. ECG leads were affixed to fore and hind paws. Representative plots (Control n ¼ 7, cRyr2KO n ¼ 5). (C) Quantification of heart rate by ECG during echocardiography experiments (Control n ¼ 6, cRyr2KO n ¼ 4; *P ≤ 0.05). (D) Average heart rate of isolated, perfused working hearts (Control n ¼ 5, cRyr2KO n ¼ 5; *P ≤ 0.05). (E) Examples of heart function traces from isolated, perfused working hearts. Trace depicts changes in pressure reflecting fluctuations in cardiac output over time. All cRyr2KO hearts exhibited dramatic periodic arrhythmias that were never observed in control hearts (Control n ¼ 5, cRyr2KO n ¼ 5).
Cardiac ryanodine receptors control heart rate and rhythmicity in adult mice
This model permitted the first in vivo and ex vivo analysis of specific cardiac Ryr2 loss-of-function in mice. Our in vivo data shed light on controversial roles for this gene in heart rate and rhythmicity, while confirming expected cardiac dysfunction following Ryr2 deletion. Specifically, we found that Ryr2 is required for setting normal heart rate, and that deletion of this gene causes general bradycardia. We further found that Ryr2 is required to maintain normal heart rhythm, and that
Ryr2 deletion causes intermittent tachycardic arrhythmias. These results indicate that Ryr2 has a non-redundant role in regulating heart rate. We also found that a reduction in RYR2 protein is sufficient to induce aspects of heart failure in mice. These effects were observed following Ryr2 deletion and in the absence of other stressors. Although tamoxifen, the drug used to initiate Mer-Cre-Mer mediated gene deletion, is known to have mild cardiac effects, our Figure 6 cRyr2 knockout mice exhibit bradycardia and arrhythmias in vivo. (A) Average heart rate collected from freely moving, unanaesthetized cRyr2KO mice using implantable ECG telemetry (n ¼ 4, initially). White points denote pre-knockout timepoints, red points denote the days of tamoxifen injections, and black points denote days following gene knockout. Red X's indicate days when mice reached humane endpoints. Heart rate data is expressed as a percentage of the average heart rate of pre-knockout days, which is depicted as a dashed blue line (*P ≤ 0.05 when compared with average naive heart rate). (B) Representative ECG traces from a single cRyr2KO knockout mouse prior to gene knockout (blue) and during a characteristic arrhythmic event (red) observed 20 days following gene knockout (n ¼ 4). (C) Enlarged regions of ECG traces seen in (B). Green roman numerals and underlines designate enlarged regions.
use of tamoxifen-injected control mice excludes the possibility that tamoxifen plays any significant role in the observed phenomena. Our data support the hypothesis that RYR2 has a non-redundant role in controlling heart rate as we observed a consistent decrease in global heart rate following induction of gene deletion both in vivo and ex vivo. Our results are consistent with previous in vitro work. For example, ryanodine, a pharmacological modulator of RYR2 opening probability, is sufficient to alter the contraction rate of atrial tissue cultures. 21 Similarly, model cardiac cells derived from mouse embryonic stem cells lacking Ryr2 show a reduced rate of spontaneous contraction. 18 Our results provide dramatic evidence that RYR2 does indeed play this role on an organ level in adult cardiac tissues, in vivo and ex vivo. As such, our results support the 'calcium clock' hypothesis, which predicts that the periodicity of Ca 2+ transients at the level of the SR/ER, a process governed in part by RYR2, is critical to the electrochemical signalling underlying heart rate. 20 It is worth noting that our results do not exclude parallel or sequential involvement of other cardiac ion channels (e.g. HCN) in the regulation of heart rate. Our data suggest that in vivo deletion of Ryr2 may have altered the rate at which pacemaking cells signalled the initiation of heart contraction or in the manner cardiac action potentials are conducted. However, we cannot yet conclusively say whether the effects are dependent on nodal cells, conduction tissues, or primarily atrial and ventricular cardiomyocytes, or some combination. The model system that we employed relies on the a-MHC promoter to drive Cre recombinase expression and gene deletion. Cre is abundantly expressed in both atrial and ventricular cells in young adult mouse hearts. Unfortunately, it is not technically feasible for us to quantitative assess RYR2 protein levels specifically in isolated sinoatrial nodes of cRyr2KO mice and littermate controls by immunoblot. However, a recent study using the same C57Bl6-mhy6-mer-Cre-mer transgenic mouse strain to drive gene knockout broadly in the heart confirmed robust cre-lox recombination in the sinoatrial node. 19 Given that we used the identical Cre-deleter mouse model, it is reasonable to expect that a similar degree of Ryr2 gene deletion occurred in the sinoatrial nodes of our mice. Our results reveal that 'decreased' RYR2 activity can cause tachycardic arrhythmias. RYR2 has a well-documented role in the genesis of arrhythmias as mutations in the human RYR2 gene underlie tachycardic arrythmogenic conditions such as CPVT and ARVD. 33 The vast majority of mutations studied are predicted to increase RYR2 open probabilities by increasing the channels sensitivity to cytosolic or SR luminal Ca 2+ levels. 8, 33, 34 Thus, these Ryr2 mutants are considered 'leaky' as they produce prolonged or inappropriate calcium transients. 9, 14, 16, 35 The prevailing model for how Ryr2 mutations cause CPVT suggests that aberrant, increased RYR2 activity during diastole drives NCX currents in reverse (Na + influx, Ca 2+ efflux) potentiating delayed after-depolarizations which can initiate rapid, arrhythmic heart contractions in a feed-forward manner. 36 However, this model cannot explain our observation of tachycardic arrhythmias following Ryr2 deletion and reduced RYR2 activity. Therefore, an alternate mechanism must underlie observed ventricular fibrillation in cRyr2KO mice following gene deletion. Previous studies conducted on L433P and A4860G Ryr2 mutants, known to cause either catecholaminergic idiopathic ventricular fibrillation or sudden cardiac death respectively, found decreased RYR2 open probability and insensitivity to SR luminal Ca 2+ levels. 16, 17 The authors of those papers suggested that these mutations may potentiate arrhythmias via an alternans-dependent mechanism. 16, 17 Alternans, in this case, refer to alternating strong and weak cellular calcium transients which are associated with heart failure and ventricular fibrillation. 37 -39 Although a variety of stimuli can cause cellular alternans: such as metabolic alterations, acidosis, and certain electrophysiological stimulations, it is thought that virtually all alternans are caused by alterations in RYR2 behaviour. 37 -39 One study used tetracaine, an inhibitor of RYR2 action, to induce alternans by decreasing RYR2 activity which functionally uncoupled groups of RYR2 from one another leading to heterogeneous subcellular Ca 2+ waves that alternated spatially and temporally. 40 It is possible that this phenomenon may lead to prolonged or inappropriate calcium transients, which could potentially lead to delayed after-depolarizations and arrhythmias. While our research does not describe the precise mechanism by which Ryr2 deletion causes arrhythmias, our results are consistent with the model of alternans-associated ventricular fibrillation caused by decreased RYR2 activity. 16, 17 Overall, our research in combination with other work suggests that appropriate RYR2 function, that is neither elevated nor decreased, is essential for preventing arrhythmias.
It is thought that up to 50% of heart failure associated deaths are caused, in an acute sense, by arrhythmias. 41 It is also thought that these arrhythmias are caused by cardiac alternans, 37 which are frequently observed during heart failure, 42, 43 and are known to be a pathology of RYR2 dysfunction. 39, 40 In addition, decreased RYR2 levels or reduced RYR2 activity have been observed in several models of heart failure, whether induced by pressure overload, 25,26 chronic hypertension, 23 or diabetes. 24 The degree of RYR2 dysfunction correlates with the degree of cardiac dysfunction. 44 Whether such decreases in RYR2 function are sufficient to cause heart failure, or are merely consequences of pathological dysfunction remains a somewhat controversial idea because RYR2 loss is not observed in all studies. However, our results provide compelling evidence that decreased RYR2 function can contribute to heart failure in vivo and that Ryr2 deletion alone is sufficient to recapitulate functional characteristics of heart failure: reduced contractility, decreased cardiac output, and ventricular fibrillation. Our results, along with other work, 16, 17, 40 also suggest that the decreased RYR2 function observed in heart failure may be responsible for ventricular fibrillation caused by subcellular Ca 2+ alternans. Collectively, our research suggests that RYR2 may be a key player in cardiac dysfunction during heart failure.
